Abstract. Homeobox protein Nxk-2.5 (Nkx2.5) is a homeobox transcription factor that promotes chamber-like myocardial gene expression. Data from a previous genome-wide association study suggested that Nkx2.5 may be associated with the genetic variation that underlies atrial fibrillation (AF). Nkx2.5 loss of function has been demonstrated to be associated with an increasing susceptibility of familial AF. Therefore, the aim of the present study was to investigate the effect of Nkx2.5 loss of function on electrophysiological substrates in HL-1 cells. To the best of our knowledge, the results demonstrated for the first time that Nkx2.5 expression was significantly decreased in a rat model exhibiting AF. The effect of silencing Nkx2.5 was assessed following transfection with adenoviral vectors with specific NKX2.5-shRNA. The effect of Nkx2.5 silencing on potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4), gap junction alpha-5 protein (Cx40), calcium handling proteins and protein Wnt-11 (Wnt11) expression levels was also assessed in HL-1 cells. The results revealed that Nkx2.5 silencing increased HCN4 expression, decreased Cx40 expression and disrupted the expression of calcium handling proteins. Additionally, Wnt11 signal protein expression was decreased following Nkx2.5 silencing. The results of the present study demonstrated that Nkx2.5 served as a transcriptional regulator of the electrophysiological substrates associated with AF.
Introduction
AF affects 1-2% of the general population and is the most common type of persistent arrhythmia (1) . AF is associated with an increased risk of thromboembolism and heart failure (2).
Homeobox protein Nxk-2.5 (Nkx2.5) is a homeobox transcription factor that promotes chamber-like myocardial gene expression (3) . Loss of Nkx2.5 function has been revealed to promote a pacemaker-like phenotype in the pulmonary vein, which may increase ectopic pacemaker activity. Results from a previous genome-wide association study (GWAS) suggested that Nkx2.5 may be associated with the genetic variation that underlies AF (4) . Additionally, a previous study demonstrated that Nkx2.5 loss of function was associated with an increased susceptibility to familial AF (5) . However, this study did not include an assessment of the association between Nkx2.5 silencing and atrial electrical remodeling.
The results of the present study demonstrated that Nkx2.5 mRNA and protein expression levels were decreased in a HF rat model. These data revealed an association between Nkx2.5 and AF. In addition, the effect of Nkx2.5 silencing on potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4), gap junction alpha-5 protein (Cx40), calcium handling proteins and protein Wnt-11 (Wnt11) signal expression levels were assessed in HL-1 cells. Nkx2.5 silencing increased HCN4 expression, decreased Cx40 expression and caused disturbance in the expression of calcium handling proteins. Furthermore, Wnt11 signal protein expression was decreased following Nkx2.5 silencing. These data suggested that Nkx2.5 is a transcriptional regulator associated with electrophysiological substrates. supplemented with 10% fetal bovine serum, 2 mM l-glutamine (Invitrogen; Thermo Fisher Scientific) and 0.1 mM norepinephrine (Sigma-Aldrich; Merck KGaA) as previously described (6) . Transfection efficiency was assessed using light and fluorescent microscopes (Olympus Corporation) 24 h after transfection (magnification, x100). A total of 48 h after transfection, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis were performed to assess the efficiency of Nkx2.5 silencing at the mRNA and protein levels, and HL-1 cells were harvested for subsequent experiments.
Materials and methods
RT-qPCR analysis. RT-qPCR analysis was performed to assess Nkx2.5, HCN4 and Cx40 mRNA levels present in HL-1 cells and Nkx2.5 expression in the rat LA tissues. Total RNA was extracted from snap-frozen tissues and HL-1 cells using TRIzol ® (Thermo Fisher Scientific, Inc.). RNA (2 µg each sample) was subsequently reverse transcribed from cDNA using a Transcriptor First Strand cDNA Synthesis kit (Cat. No. 11483188001; Roche Diagnostics GmbH) according to the manufacturers protocol. PCR amplification was quantified using SYBR Green Master Mix (Vazyme). The primers sequences were as follows: NKX2.5 forward, 5-ACG CCC TTC TCA GTC AAA GA-3 and reverse, 5-TAA AAT GTA GGG GCG GTT GG-3; Cx40 forward, 5-TGG GCC AGT ACC TCC TCT AT-3 and reverse, 5-GAT CTT CTT CCA GCC CAG GT-3; HCN4 forward, 5-AAC CTG GGG GCT GGA CAG A-3 and reverse, 5'-CTG GGC AGC CTG TGG AGA G-3'; GAPDH forward, 5'-ACA GCA ACA GGG TGG TGG AC-3' and reverse, 5'-TTTGAGGGTGCAGCGAACTT-3'. The expression of the target genes was normalized to that of GAPDH by applying the 2 -ΔΔCq method (9) .
Western blot analysis. Western blot analysis was performed to assess the levels of Nkx2.5, HCN4, Cx40, sarcoplasmic reticulum Ca2 + -ATPase (SERCA2a), total ryanodine receptor (RyR) and phosphorylated RyR at the serine-2814 site (p2814-RyR), voltage-dependent L-type calcium channel subunit alpha-1C (Ca v 1.2), total phospholamban (PLB), phosphorylated phospholamban at Thr17 (P-PLB) and Wnt11 protein expression in HL-1 cells. A total of 4 weeks after surgery, rat hearts were harvested following euthanasia. The LA tissue was used for detecting Nkx2.5 protein expression. Total HL-1 cell and LA tissue proteins were extracted separately using RIPA lysis buffer (Beyotime Institute of Biotechnology). Protein concentration was examined using a BCA protein assay kit (cat. no., AS1086; Aspen Biological). A total of 40 µg protein was separated by 8-12% SDS-PAGE and transferred onto equilibrated polyvinylidene difluoride (PVDF) membranes. Subsequently, the PVDF membranes were blocked with 5% skim milk for 1 h at room temperature and incubated with primary antibodies overnight at 4˚C against Nkx2.5 (1:1,000; cat. no., ab106923; Abcam), HCN4 (1:1,000; cat. no., ab32675; Abcam), Cx40 (1:1,000; cat. no., ab16585; Abcam), SERCA2a (1:500; cat. no., ab2861; Abcam), ryanodine receptor (RyR; 1:1,000; cat. no., ab2868; Abcam), RyR2 phosphorylated at serine (S)2814 (P2814-RyR2; 1:500; cat. no., A010-31; Badrilla Ltd.), Ca v 1.2 (1:500; cat. no., ab84814; Abcam), PLB (1:1,000; cat. no., ab85146; Abcam), phosphorylated (p)-PLB (1:500; cat. no., ab62170; Abcam) and Wnt11 (1:1,000; cat. no., ab31962; Abcam). After washing, membranes were subsequently treated with horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG (1:10,000; cat. no. AS1108; Aspen Biological) or HRP-conjugated goat anti-rabbit IgG (1:10,000; cat. no. AS1107; Aspen Biological) secondary antibodies for 1 h at room temperature. The chemiluminescence of the blots was detected using an ECL kit (Beyotime Institute of Biotechnology) and protein expression was normalized to GAPDH. Densitometric analysis was subsequently performed using the Image J software (version 15.0; National Institutes of Health).
Statistical analysis. Statistical analysis was performed using SPSS v.19.0 (IBM Corp). Data was expressed as the mean ± standard error of the mean. Comparisons between the data were performed using an unpaired Students t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Nkx2.5 expression is impaired in a myocardial infarction-
heart failure rat model. Heart failure is one of the most common causes of AF. A previous study has demonstrated that MI-induced heart failure leads to atrial remodeling and promotes AF (10) . In the present study, the size of left ventricle was enlarged and the LV contraction function was decreased 4 weeks after LAD ligation. To assess whether AF was associated with changes in Nkx2.5 expression, Nkx2.5 mRNA and protein levels were measured in the rats LA tissues. Nkx2.5 mRNA and protein expression levels were decreased in the LA of the AF model rats when compared with the sham rats (Fig. 1) .
Optimum MOI value of transfection and Nkx2. 5 gene silencing efficiency in HL-1 cells. HL-1 cells were transfected
with GFP and the Nkx2.5 gene at a range of MOI values. HL-1 cells exhibited green fluorescence following viral transfection. As MOI increased to 20, the transfection efficiency was concomitantly increased. At MOI 20, the transfection efficiency was >80% (Fig. 2) . The optimum MOI value of transfection was 20 and was used for all subsequent analyses in the present study. Nkx2.5 mRNA and protein levels were significantly decreased following Nkx2.5 interference 48 h following transfection (Fig. 3) .
Effect of Nkx2.5 silencing on the expression of HCN4 and
Cx40. To further investigate the underling effect of Nkx2.5 on electrophysiology, the mRNA and protein expression levels of HCN4 and Cx40 were analyzed. As presented in Fig. 4 , HCN4 expression increased significantly following Nkx2.5 silencing; by contrast, Cx40 expression was severely decreased.
Effect of Nkx2.5 silencing on the expression of calcium handling and Wnt11 signaling.
To investigate the regulatory role of Nkx2.5 on the expression of calcium handling proteins, the present study assessed whether Nkx2.5 silencing impaired calcium handling protein expression levels. Western blot analysis revealed significantly decreased protein expression levels of SERCA2a, Ca v 1.2 and P-PLB, whereas the phosphorylated RyR2 expression level was increased. No change in total RyR and total PLB expression levels was exhibited in the sh-Nkx2.5 HL-1 cells. Wnt11 expression was decreased following transfection with Nkx2.5 (Fig. 5) .
Discussion
Nkx2.5 is a homeobox transcription factor that serves an important role in embryogenesis. A recent study found that GWAS identified risk variants near Nkx2.5, which are associated with AF, and it has been suggested that Nkx2.5 may be a causative connection (4); however, it did not provide experimental results regarding the regulation of Nkx2.5 and its association with electrophysiology.
The results of the present study demonstrated that Nkx2.5 mRNA and protein expression levels were decreased in the AF rat model, suggesting a potential association between Nkx2.5 loss of function and atrial electrophysiology substrates. Specifically, in HL-1 cells, Nkx2.5 silencing led to ion channel remodeling. HCN4 channels, the pore-forming α-subunits of funny channels, have been demonstrated to be closely associated with spontaneous activity (11) . The increased expression of HCN4 in the atrial and pulmonary vein, and the decreased expression in the sinoatrial node, were revealed to be associated with the onset and maintenance of AF (12) . In the present study, Nkx2.5 silencing increased HCN4 mRNA and protein expression levels in HL-1 cells, which may generate abnormal automaticity and pacemaker activity in the atrium in vivo. In patients with AF, a variety of mutations in the coding region of Cx40 have been previously identified (13, 14) . In a Cx40 loss of function mouse model, atrial conduction velocity was decreased with the increased incidence of AF episodes (15) . In the present study, Nkx2.5 silencing was demonstrated to downregulate Cx40. Abnormal calcium handling has been indicated to contribute to AF. In the present study, phosphorylated RyR at S2814 was increased following Nkx2.5 silencing. RyR2 is the primary SR calcium release channel located in cardiomyocytes and it has been revealed that increased phosphorylation of RyR2 increases the incidence of arrhythmia due to diastolic SR calcium leakage (16) . SERCA2a is responsible for pumping calcium back to the SR during diastole to avoid an increase in intracytoplasmic calcium concentration, which may increase the sodium-calcium exchange and triggered activity. PLB has been demonstrated to bind to SERCA2a and inhibit its activity; following phosphorylation, this inhibition of SERCA2a is lost (17) . In the present study, SECA2a and P-PLB expression was impaired during Nkx2.5 silencing. These data support the assumption that Nkx2.5 gene silencing may lead to electrical remodeling, which may be the mechanism by which Nkx2.5 variation is associated with the onset of arrhythmia events.
The Wnt11 signaling pathway has been previously demonstrated to be crucial for myocardial cell differentiation (18, 19) and is in parallel with Nkx2.5 expression in differentiating embryoid bodies (20) . Wnt11 signaling is important in ventricle organization. The expression of ventricular genes and the ventricular structure are dysregulated during Wnt11 downregulation (21) . Furthermore, the Wnt11 signaling pathway is a critical regulator of calcium handling (8, 22) . In the present study, the association between Nkx2.5 and Wnt11 was assessed. The results revealed that Wnt11 protein expression was significantly decreased following Nkx2.5 silencing. These results provide evidence for a potential association between Nkx2.5 and the Wnt11 signaling pathway.
In conclusion, to the best of our knowledge, the present study revealed for the first time that Nkx2.5 expression is significantly decreased in a HF rat model. The present study provides evidence that impaired Nk2.5 function is associated with calcium homeostasis and Cx40 and HCN4 expression levels, which leads to atrial electric remodeling. This is associated with arrhythmogenesis, which may act via the Wnt11 signaling pathway.
Although Nkx2.5 gene silencing was demonstrated to be associated with the alteration of calcium handling proteins, HCN4, Cx40 and Wnt11 expression levels, further in vivo and in vitro experiments assessing the effect of Nkx2.5 on atrial electrophysiology, including action potential duration, effective refractory period and calcium leak, are required. Further experiments examining Nkx2.5 overexpression in an AF animal model are required to explore the role of NKX2.5 in the pathogenesis of AF.
